metals and SS. These and other studies reported that there was no increased risk of 93 heavy metal release to runoff water, following chemical amendment of poultry litter 94 or agricultural wastewaters (Moore et al., 1998; Edwards et al., 1999; Brennan et al., 95 2011). However, little work has been conducted on DSW (Fenton et al., 2011) . The 96 mode of addition of chemicals to wastewater may vary between incorporation into 97 soil (Novak and Watts, 2005; Murphy, 2007) , direct addition to manure (Moore et al., 98 1998), or addition after application of manure to land (Torbert et al., 2005) . Brennan investigated the use of chemical amendments to reduce P losses arising from the land 106 application of DSW to grassland in a desk-scale experiment and found that the most 107 effective chemicals were alum (72 % reduction), FeCl 2 (89 % reduction) and lime (83 108 % reduction). Therefore, these three amendments were selected for further study in 109 the present laboratory runoff experiment.
111
The aim of the present study was to examine the effect of (1) high intensity rainfall 112 events after 12, 24 and 48 h of land application of DSW to grassland, and (2) 113 chemical amendment of DSW on losses of P and SS in runoff. Intact 0.1 m-deep and 0.5 m-long soil cores were collected from grassland, which had 118 not received fertiliser applications for more than 10 y, in Galway City, Republic of 119 Ireland (53°16'N, 9°02' W). Soil cores (n=3) taken to a depth of 0.1 m below the 120 ground surface from the same location, were air dried at 40 °C for 72 h, crushed to 121 pass a 0.002 m sieve, and analysed for Morgan's P (Pm; the national test used for the 122 determination of plant available P in Ireland) using Morgan's extracting solution 123 (Morgan, 1941) . Water extractable phosphorus (WEP) was measured by shaking 0.5 g 124 of soil in 40 ml of distilled water for 1 h, filtering (0.45 µm) the supernatant water and 125 6 determining P colorimetrically. The soil cores were kept separate for analysis and 126 replication (n=3) was used in analysis of each of the 3 cores. Soil pH (n=3 from each 127 of the soil cores) was determined using a pH probe and a 2:1 ratio of deionised water-128 to-soil. Particle size distribution (PSD) was determined using B.S.1377-2:1990 (BSI, 129 1990a) and the organic matter content of the soil was determined using loss on 130 ignition (B.S.1377-3; BSI, 1990b). Dairy soiled water produced from the concrete holding areas (non-scraped) and 135 milking parlour washings of 137 spring calving dairy cows (milked twice daily) at the 136 Environmental Research Centre (Teagasc, Wexford), was collected in March, 2011. 137 High pressure hoses were used to clean the yards. There were three tanks, connected 138 in series, with a total capacity of approximately 52 m 3 and a working capacity of 139 approximately 80 %. The tanks were agitated for 20 min until the DSW was 140 homogenized, and DSW was collected in a 10-L plastic drum and transported to the 141 laboratory in a temperature-controlled container within one d of sample collection.
142
The DSW was stored at 4 °C until immediately prior to the start of the experiment 143 (about 2 d after sample collection). The sample was fully analysed colorimetrically for 144 the following water quality parameters using a nutrient analyser (Konelab 20, Thermo 145 Clinical Labsystems, Finland) (each tested at n=3 and, with the exception of TP, 146 filtered through a 0.45 µm filter): ammonium-N (NH 4 -N), nitrite-N (NO 2 -N), nitrate-147 N (NO 3 -N), total ammoniacal N (TAN), DRP and TP (after acid persulphate 148 digestion) in accordance with the standard methods (APHA, 2005) . To test for TAN, 149 50 ml of DSW was diluted in 1 L 0.1M HCl and then tested in the nutrient analyser. 150 7 pH was measured using a pH probe (WTW SenTix 41 probe with a pH 330 meter, 151 WTW, Germany) and the DM content was determined by drying at 40°C for 72 h. The five treatments examined in this study were: (1) control (grassed soil only), (2) 156 unamended DSW, and DSW amended with either (3) aluminium sulphate 18-hydrate 157 (Al 2 (SO 4 ) 3 .18H 2 O) (alum), (4) analytical grade FeCl 2 , or (5) burnt lime (Ca(OH) 2 ).
158
Amendments were applied at stoichiometric ratios determined from Fenton et al.
159
(2011). Alum was applied at a rate of 8.8:1 (Al:TP), ferric chloride at a rate of 200:1 160 (Fe:TP), and lime at a rate of 2,500:1 (Ca:TP). Amendments were added to the DSW 161 and mixed rapidly (10 min at 100 rpm) using a jar test flocculator immediately prior 162 to application to runoff boxes. The temperature of the laboratory in which the 163 experiments were conducted was approximately 10 o C. Two replicates of each 164 treatment were subject to rainfall at a time interval between treatment application and 165 rainfall of either 12, 24 or 48 h, giving a total of 30 runoff boxes (5 treatments x 3 166 time intervals x 2 replicates). The limited replication involved (n=2) was due to 167 limited availability of soil samples from the study site and, in order to take this into 168 account, the formal inference was conducted in an exploratory manner rather than as 169 evidence of cause and effect as would be normal for a designed experiment.
170
Relationships identified were taken as indicating association only. The packed cores were then saturated until ponding occurred on the soil surface using 189 a rotating disc, variable-intensity rainfall simulator (after Williams et al., 1997) , and 190 left to drain for 24 h before the experiment commenced. All soils were approximately 191 at field capacity prior to the start of each experiment. Dairy soiled water and amended 192 DSW were applied to the surface of the intact grassland soil in runoff boxes at a rate 193 equivalent to 50 m 3 ha -1 , the legal limit for application in any 42-d period. The DSW 194 and chemically-amended DSW were spread evenly across the soil surface. The water used in the rainfall simulations was tap water, which had a DRP 207 concentration of less than 0.005 mg L -1 , a pH of 7.7±0.2 and an electrical conductivity 208 (EC) (measured using a LF 96 Conductivity Meter, WTW, Germany) of 0.435 dS m -1 .
209
The calcium (Ca 2+ ) concentration of the tap water, measured by atomic absorption 210 spectrophotometry (AAS), was 3.11 mg L -1 and was higher than the annual mean 211 concentration of Ca 2+ in rainwater (0.85 mg L -1 ) measured between 1992 and 1994 for Morgan's P concentration of 2.8 mg L -1 . This soil would be classified as an Index 1 258 soil in the Irish grassland soil P index system (SI 610 of 2010) and would therefore 259 not be perceived as being a high risk for P loss to water in terms of its P content.
260
Agronomic advice to increase grass production would be to apply additional P to this 261 soil in order to build up soil reserves of P. This soil could receive P at rates up to a 262 maximum of 49 kg available-P ha -1 y -1 . In this study, based on the P content of the 263 DSW (Table 1) and an application rate of 50 m 3 ha -1 , the soil was loaded at 0.7 kg P 264 ha -1 y -1 . (Figure 1 ) to 1.6 mg L -1 (total loss of 0.3 kg ha -1 ) for the 12-h rainfall 306 event (p<0.0001), 0.96 (total loss of 0.18 kg ha -1 ) for the 24-h event (p<0.008) and 307 0.94 mg L -1 (total loss of 0.16 kg ha -1 ) for the 48-h event (p<0.0017). This highlights 308 the potential importance of incidental P losses when heavy rain follows soon after 309 application of a P source to soil, with TP losses being over three times greater than the 310 control at 12 h. (Figure 1 ). This decrease in concentration was coincident with a decrease in 315 runoff volume (e.g. from 4,057 to 3,414 to 3,266 ml for the 12, 24 and 48 h time 316 intervals, respectively, for the control treatment). It would appear that, due to a longer 317 time draining before rainfall was initiated (36, 48 and 60 h after saturation for the 12, profile and will have a higher concentration than the top 10 cm of soil as shown in 325   Table 1 . This mechanism would be consistent with greater concentrations of PP in 326 runoff from the 12 h treatment (Figure 1) as PP loss is associated with water flow over 327 the soil surface and it is the uppermost surface soil that influences the concentration of 328 P in surface runoff most (Sharpley, 1980) . Lime was less effective than the other two amendments, largely due to high losses of 373 DUP relative to both the unamended DSW treatment and the control. The lime 374 amendment increased the pH of surface runoff, giving an average pH of 8.9±0.13 375 across the three rainfall events, while the other amendments produced surface runoff 376 with a pH similar to that of the unamended DSW treatment (6.9±0.14). Liming is 377 often associated with an initial flush of soluble organic matter and dissolved organic P 378 release that can increase P losses in runoff or leachate, at least temporarily (Murphy, Alum and FeCl 2 were also more effective than lime in decreasing PP loss (p<0.05) 389 despite the fact that the Ca:TP stoichiometric ratio in the lime-amended DSW 390 (2,500:1) was much greater than the Al:TP ratio in the alum treatment (8.8:1) and the 391 Fe:TP ratio in the FeCl 2 treatment (200:1). This is likely due to the lower solubility of 392 CaCO 3 in water (15 mg L -1 ) than aluminium sulfate (364,000 mg L -1 ) and iron were not statistically significant, but for DSW, grass and lime, the slopes were all 430 negative with p<0.001. While all three amendments to DSW were effective in decreasing P and SS losses in 463 runoff relative to the unamended DSW treatment, overall, alum was the most 464 effective. The efficacy of these amendments would need to be assessed in field trials 465 and a cost-benefit analysis conducted to further examine whether they could be 466 practically implemented on farms. Table 2 Water quality characterisation 1 of dairy soiled water used in study (n=3). 
